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Particle Impact Drilling (PID) is a novel method to improve the rate of penetration (ROP). In order to
further improve the performance of PID, an investigation into the effect of single and double
particles: (1) diameter; (2) initial velocity; (3) distance; and (4) angle of incidence was undertaken
to investigate their effects on broken volume and penetration depth into hard brittle rock. For this
purpose, the laboratory experiment of single particle impact rock was employed. Meanwhile, based
on the LS-DYNA, a new ﬁnite element (FE) simulation of the PID, including single and double
particles impact rock, has been presented. The 3-dimensional (3D), aix-symmetric, dynamic-
explicit, Lagrangian model has been considered in this simulation. And the Elastic and Holmquist
Johnson Cook (HJC) material behaviors have been used for particles and rocks, respectively. The FE
simulation results of single particle impacting rock are good agreement with experimental data.
Furthermore, in this article the optimal impact parameters, including diameter, initial velocity,
distance and the angle of incidence, are obtained in PID.
Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With the development of conventional drilling methods,
research on this ﬁeld has been conducted by a few research
groups in recent years. Though efforts had beenmade to improve
the properties of drilling, some problems, such as the slow rate of
penetration, short service life of drill pipes, long drilling cycle
and high drilling cost, still exist when encountered with hard
formations. In drilling process, formation hardness and drilling
difﬁculty increase exponentially with the drilling depth. Gener-
ally, high drilling cost derives from interdependent operations
that are time sensitive. And as we know, the longer it takes to
penetrate the formation, the more it costs [1,2]. However,troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bcompared with the conventional drilling technology, PID rates
can be 1/3 to 1/5 the time to drill the interval that represents 80%
of the drilling time and expense. The value of drastically reducing
the number of days to drill a well and thereby reducing much of
costs associated in drilling those well is huge [3].
To improve this new technology, a large amount of laboratory
tests had been conducted, such as A.H. Hanuka [4], Li Xibing [5],
Wang Wenlong [6], Yonghong Zhao [7], who had carried out
researches into the dynamic strength and hardness of the rock.
Particle Drilling Technology Inc. had undertaken the laboratory
and ﬁeld tests and testiﬁed that particle impact drilling (PID) had
higher efﬁciency than conventional drilling methods. Though
granite exhibits variation of characteristics as those other types
of rocks, nevertheless it has less properties variation than the
rest [8]. In addition, rock fracture is deﬁned as the formation of
planes of separation within the rock as the cohesion between
particles is broken and new surfaces are formed. Shear stress
failure is considered as the most common and important type of
failure where one face of surface slips from another [9]. The
failure via shear faulting is addressed to be the most funda-
mental in rock damage [10]. And the importance of tensileing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
Fig. 2. The granite sample with craters.
Table 1
The Diameter and initial velocity of impact particles.
Diameter (mm) 3 3.5 7 9.5
Impact velocity (m/s) 91 137 100 97
116 165 102.3 109
146 180 130 171
154 230 168 175
202 253 263.4 202
264.5 256 264 251
276 273 267 269
Y. Kuang et al. / Petroleum 2 (2016) 267e272268fracturing was also emphasized in the development of shear
zone [11].
The purpose of this article is to obtain the optimal parameters
based on the impact experiments and simulations and demon-
strate the new technique of FE simulation. The following works
were carried out. Firstly, we conducted the single particle impact
experiments in laboratory. Secondly, to determinate the pa-
rameters of HJC model, the SHPB tests, uniaxial compressive
experiment, uniaxial tensile experiment and tri-axial compres-
sive experiment were conducted. In order to simplify the article,
only the SHPB test was described and the obtained HJC param-
eters were presented in this article. Thirdly, the simulation of
single particle impact target was developed. And the values of
the broken volume and penetration depth onto the rock were
compared with the results of single particle impact rock exper-
iments. Finally, the simulation of double particles impact granite
were carried out, and the optimal parameters in PID were
obtained.
2. Experiments
2.1. Single particle impact rock experiment
2.1.1. Materials
In the experiment, the projectiles were four kind of steel
particles with the diameter 3 mm, 5.5 mm, 7 mm and 9.5 mm
(shown in Fig. 1). The selected granite sample (shown in Fig. 2)
was taken from Sichuan. The rock shape is cuboidwith the size of
500  500  200 mm. The temperature and pressure were 20 C
and normal pressure, respectively.
2.1.2. Experimental procedures
Four kind of steel particles with different initial velocity,
ranging 100m/s from 300m/s, shot to the granite by air gun. And
the speciﬁc parameters of initial velocity and diameters are
shown in Table 1. Phantom V12.0 digital high-speed camera
recorded the experimental progress (Fig. 3), whose highest
amplitude frequency exceeds 500,000 per second. According to
the grid paper and the ruler, incident velocity, rebound velocity
and the ﬂying velocity can be measured conveniently. The
granite with craters is shown in Fig. 2.
In order to obtain the broken volume and the maximal
penetration depth, 3D CaMega scanner and Cloudpoint software
were used in the impact process. Firstly, the point-cloud datawas
obtained using 3D CaMega scanner (Fig. 3). Then, the maximal
penetration depth and broken volume were calculated by
Cloudpoint software.Fig. 1. Different types of steel particles.3. Simulation
3.1. Finite modeling description
3.1.1. Particle speciﬁcation
The steel particles have been used in FE simulation. The
elastic material behavior has been chosen. The constitutive
model [12] is described as follows:Fig. 3. The scan ﬁgure of impacted granite.
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ðnþ1Þ=2
ij ¼ 2G _ε0
ðnþ1Þ=2
ij (1)
Pnþ1 ¼ K ln Vnþ1 (2)
where G and K are the elastic shear and bulk moduli, respec-
tively, and V is the relative volume, i.e., the ratio of the current
volume to the initial volume. The density is 7.8 g/cm3, the elas-
ticity modulus E is 2.06 GPa, and Poisson's ratio m is 0.3.
3.1.2. Granite material speciﬁcation
The granite has the cuboid shape with the size of
500  500  200 mm. The axi-symmetric model of particle and
granite target has been shown in Fig. 4. The target of granite is
brittle material. And the brittle failure model proposed by the
Holmquist-Johnson-Cook is suited to the numerical constitutive
modeling of brittle failure in granite material. The granite ma-
terial in the bottom hole is subjected to loading conditions that
include high pressure and high strain rates. This model is
described by a polynomial equation. The intact and fractured
material model [13] are described as follows:
s* ¼
h
Að1 DÞ þ BP*N
i
1 C ln _ε* (3)
D ¼
XDεP þ DmP
ε
f
P þ m
f
p
(4)
P ¼ K1mþ K2m2 þ K3m3 (5)
Where s* is the normalized stress, deﬁned as the ratio of
actual equivalent stress to the quasi-static uniaxial compressive
strength f
0
c , D is the damage parameter, P is the pressure for fully
dense material, A, B, N and C are the strength parameters of the
material, P* is the normalized pressure, DεP and DmP are the
equivalent plastic strain and plastic volumetric strain, K1, K2 and
K3 are the material constants, m is the modiﬁed volumetric strain.
3.1.3. SHPB experiment
Dynamic uniaxial compression experiments were carried out.
The SHPB apparatus is composed of input and output bars with a
short specimen placed between them. The impact projectile at
the free end of the input bar develops a compressive incident
wave. Once this wave reaches the interface of the specimen, a
part is reﬂected while another part goes through the specimenFig. 4. The FE model of the particle and the granite.and develops the transmitted wave in the output bar. Waveguide
bars of the SHPB system are made of high strength steel with the
elastic modulus of 200 GPa, a density of 7800 kg/m3 and the
elastic wave velocity of 5100 m/s. The length of the bars was
2000 mm and the diameter was 50 mm.
In this experiment, the cylinder specimens were made from
outcrop granite, and the components were quartz, mica,
plagioclase and hornblende etc. To get the macroscopic me-
chanical properties of the granite, the size of the specimen
should be large. Combined with the scale of SHPB apparatus, the
specimen with the diameter of 50 mm and the length of 30 mm
was selected. And the strain gages were pasted on the bar away
from specimen 1000 mm. The result of SHPB experiment was
shown in Table 2.
3.1.4. Determination of HJC parameters
The parameters of dynamic constitutive model were set
based on static compression experiment, static stretching
experiment, tri-axial compressive experiment SHPB test and the
existing literatures [14]. The density of the granite was 2.8 g/cm3.
Based on the static compressive experiment, static compressive
strength f
0
c , elasticity modulus E and Poisson's ratio are
0.12652 GPa, 31.78 GPa and 0.12, respectively. And the derived
shear modulus G and bulk modulus of elasticity Ke are 11.19 GPa
and 13.94 GPa. The other parameters of HJC model determinate
according to the experiments and existing literatures (Table 3).
3.2. Simulation method
The basic unit system of the FE simulation was deﬁned as g-
cm-ms. The 3D, aix-symmetric, dynamic-explicit, Lagrangian
model had been considered in this simulation. And the Elastic
and Holmquist Johnson Cook material behaviors [15e17] had
been used for particles and rocks, respectively. Particles and
rocks were used Solid164 element, element algorithm used the
default algorithm (single-point integration algorithm). The
method of 3D Lagrange was used to build the numerical model.
Meanwhile, based on axi-symmetric model, half model was built
up to save computing time. Particle penetration process occurs
mainly in the thickness direction, so the grid of this directionwas
divided densely. And the failure type of the rock is various,
therefore the most important and direct method to control the
simulation error is the material failure type and failure values.
The failure type of HJC model (namely fs) [18] was used. In the
simulation process, the elements of rock would be out of work
immediately when the work condition achieves the value of the
failure criterion. Meanwhile, the failure elements will be elimi-
nated [19e22].
3.3. Single and double particles impact simulation
The simulations of single and double particles impacting
granite were carried out by LS-DYNA software. In the single
particle impact simulations, different particles with differentTable 2
The result of SHPB experiment.
Impact velocity (m/s) Maximal stress (MPa) Stress rate (s1) Damage type
14.6 208 86 smash
15.2 195 96 smash
11.3 132 34 crack
11.3 168 44 crack
15 184 72 smash
12 159 60 crack
Table 3
The parameters of HJC modeling for granite material.
Variable MID RO G A B C N
Value 1 2.8 0.1419 0.95 1.6 0.008 0.79
Variable FC T EPS0 EFMIN SFMAX PC UC
Value 0.001265 8.786  105 1  106 0.008 70 0.000422 0.003
Variable PL UL D1 D2 K1 K2 K3
Value 0.00279 0.02 0.034 1 0.85 1.71 2.08
Fig. 5. The FE model of double particles impacting granite.
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Fig. 7. The curve of time-history about the energy of 9.5 mm particle.
Y. Kuang et al. / Petroleum 2 (2016) 267e272270velocities shot at the granite, the data is shown in Table 1. Also in
order to study the parameter sensitivity of rock breaking, double
particles impacting granite was studied. The effect of velocity,
distance, diameter and incidence angle on rock breaking were.
evaluated by the broken volume and penetration depth. The FE
model of double particles impact granite is shown in Fig. 5.4. Results and discussion
4.1. Single particle impact experiment and simulation results
Based on the simulation, the velocity and energy of 9.5 mm
particle changing with time are given in Fig. 6 and Fig. 7,
respectively. According to the impact photos in the process,
initial velocity is 174.8m/s. Andwhen the steel particle contacted
with the granite, particle velocity fell rapidly until the speed
dropped to zero, then the bounce-up movement of the particle
occurred, and the rebound velocity gradually increased from
zero to a small value.
As presented in Fig. 7, the kinetic energy and the total energy
of the particle decreased continuously, while the internal energy0 50 100 150 200
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Fig. 6. The curve of time-history about the 9.5 mm particle velocity.is gradually increasing. This shows that the reduction of the ki-
netic energy is mainly consumed in the particle the process of
penetration.
The result comparison of experiments and simulations are
given in Figs. 8 and 9, respectively. According to the two ﬁgures,
the maximal penetration depth and broken volume increase
with the initial velocity when initial velocity is less than 250m/s.
And when the velocity is greater than 250 m/s, both of them
decrease. Additionally, with the increase of particle diameters,
the maximal penetration depth and broken volume also increase
on the same speed. The broken volume of 9.5 mm particle is only
2 times of 7 mm. However, when the particle diameter is be-
tween 3mm and 5.5 mm, the change of particle diameter has the
largest inﬂuence on the change rate of rock breaking volume.
Considering the restriction of drill pipes and valves in particle
impact drilling, too large diameter particle may cause plugging
and pump suffocation. So the optimal diameter is approximately
5 mm. The optimal penetration depth is less than half of the
diameter, otherwise the particles may embed in the rock.
Therefore, the initial velocity between 100 m/s and 160 m/s is
appropriate.4.2. Double particles impact simulation results
The variable, normalized diameter (ND), i.e. the ratio of the
length to particle diameter, is deﬁned. In double particle impact
granite, the particles' diameter is 0.005 m, so the dimensionless
distance is the ratio of actual distance to 0.005 m. The initial
velocity, distance, diameter and angle of incidence were studied
to optimize the impact parameters. In the simulation, the rock
breaking effect is evaluated by the broken volume and penetra-
tion depth.
Fig. 10 provides the effect of incidence velocity on the rock
breaking efﬁciency. The curve indicates that the broken volume
and penetration depth are both increase with the incidence ve-
locity. While, according to the single particle experiment in the
laboratory, the optimal penetration depth is one to one and a half
ND. Therefore, the optimal incidence velocity is between 32,000
and 40,000.
Fig. 11 provides a description that the broken volume and the
depth change with the diameter. When the diameter is less than
one ND, the volume and depth both increase with the diameter.
And when the diameter is from 0.8 to 1, the growth rate becomes
small. So the appropriate diameter is from 0.8 to 1. In the interval,
the rock breaking has the best result.
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Y. Kuang et al. / Petroleum 2 (2016) 267e272 271The broken volume and penetration depth of Fig. 12 displays
the complex change trend. When the dimensionless distance is
between 0.15 ND to 0.25 ND, the volume and the depth both
increase. However, the volume and the depth decrease when the
distance is from 0.25 ND to 0.35 ND. And in other interval, the
evaluate criteria keeps the same. So the optimal distance is 0.25
ND.240 280 320 360 400
0.5
0.6
0.7
0.8
0.9
br
ok
en
 v
ol
um
e
diameter=0.005 m
distance=0.002 m
angle=0 deg
 Broken volume
 Penetration depth
pe
ne
tra
tio
n 
de
pt
h
incidence velocity (100/s)
0.8
1.0
1.2
1.4
1.6
Fig. 10. The broken volume and penetration depth versus incidence velocity.In Fig. 13, the volume and the depth increase with the inci-
dence angle when it is less than 30. While, as the angle is larger
than 30, the volume and the depth decrease with the angle. The
depth decreases much more rapidly. Therefore, the appropriate
incidence angle is 30.0 15 30 45 60 75
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Y. Kuang et al. / Petroleum 2 (2016) 267e2722725. Conclusion
In this work, single particles with different diameters impact
experiments, single and double particles impact simulations
were carried out to analyze the inﬂuence of impact velocity,
particles diameter, distance between two particles and the angle
of incidence on penetration depth into hard brittle rock and
broken volume. The following conclusions were derived from the
research accomplished.
(1) With the increase of initial velocity, rock broken volume
and the maximal penetration depth decrease, therefore,
the appropriate impact velocity is between 100 m/s and
160 m/s.
(2) Although 9.5 mm particle was the expected to damage the
granite more than others, considering the particle impact
drilling environment, the optimum diameter of the par-
ticles is between 3 mm and 5.5 mm.
(3) According to the numerical simulation of double particles
investigated into the distance, particles diameter, initial
velocity and the angle of incidence, the results show that,
when the distance between two particles is 0.25 normal-
ized diameter, the diameter is 0.8e1 normalized diameter,
the impact velocity is 32,000e40,000 normalized diam-
eter per second, and the angle of incidence is 0e30,
particle impact drilling has the optimal performance.
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